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The deposition of a scale on off-shore steel structures by a cathodic 
protection system often obscures surface defects, especially fatigue 
cracks. The problems and high cost associated with clearing such 
structures prior to inspection are well known [1] and a recent report [2] 
has considered many of the aspects of this scale. To avoid the need to 
remove such scale various ultrasonic techniques can be considered to 
perform inspections through the deposited layers. 
In this study the use of leaky Rayleigh waves to characterize surface 
defects beneath layers of marine deposit and protective coatings is 
presented and both theory and experiments are considered. 
Ultrasonic Inspection Options 
Three possible inspection scenarios using pulse-echo ultrasound in 
immersion were considered for defect location and characterization beneath 
obscuring layers [3]. These geometries are shown in Fig. 1. 
The first case considers a thick layer of deposit (Fig. la). The 
layer thickness is greater than the wavelength of the interrogating 
ultrasound. If, as appears probable, the layer is saturated with water, a 
leaky interface wave may be generated at the layer-steel boundary. If 
attenuation in the layer is low, energy leaking from a reflected interface 
or surface wave would then return to the interrogating transducer. 
The second case (Fig. lb.) considers a thin layer, where its 
thickness is small when compared with the wavelength of the interrogating 
ultrasound. For any continuous layer it will refract, reflect and mode-
convert incident energy, depending on the angle of incidence, and it will 
be less attenuative than a thick layer. This case will be encountered on 
structures where a protective paint or epoxy layer has been applied and on 
a new structure with a cathodic protection system which has only recently 
been installed. For calcareous deposits it has become apparent that this 
scenario is better represented by a patchy thin layer [3]. 
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Fig. 1. The various inspection scenarios. 
a. Thick layer. b. Thin layer. c. Cleaned strip. 
To overcome many of the problems outlined above it was proposed that 
a scheme using a "Cleaned Strip" to give a "Window" through the calcareous 
deposit should be considered (Fig. lc.). This is where a strip of the 
layer is cleaned on the structure close to the area where stress analysis 
indicates there is a high probability of fatigue crack growth. A 
compression wave transducer is used in pulse-echo mode and set at the 
Rayleigh critical angle to generate a surface wave in the cleaned area and 
the wave propagates under the layer of deposit to perform inspection of 
the targeted area. If there is a significant surface breaking or near-
surface defect present, and with the use of a matching frequency, energy 
will be reflected back to the transducer. 
The deposit layer thickness encountered on structures are in the 
range 1 to 10 mm, and the defects of interest are those greater than 0.5 
mm in depth. Therefore an inspection frequency range of between 0.25 MHz 
to 2 MHz was considered appropriate. 
FINITE DIFFERENCE MODELLING 
A finite difference mathematical model has been developed to examine 
the interaction of ultrasonic waves with layers and slots on a fluid-
loaded half-space. It extends understanding of the complex scattering 
mechanisms encountered at low frequencies, below 5 MHz, where the 
wavelength of the incident ultrasound is of the same order as both the 
depth of the defect and layer thickness. The finite difference method has 
been used by many workers to study elastic waves [4). It replaces the 
differential form of the wave equation with a discrete set of equations 
which define the displacements at a grid of nodes. The shape of the grid 
can be varied to suit the particular application. In most studies the 
problem has been reduced to consider two spatial dimensions and time in 
rectangular Cartesian coordinates with equal increments in the two spatial 
directions [4,6]. 
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In a model the displacement fields at two initial time levels are 
required. In addition nodal formulations are needed for each type of point 
(e.g. body node, solid/fluid interface etc.) [3,4,5,6]. The displacements 
at each nodal point, for each new time step are calculated and a numerical 
visualization is produced in which the displacements at selected times, at 
each node, are plotted as a vector whose length and color represent its 
magnitude. The series of numerical visualizations then show the 
development of the wave field over time. The individual series of 
displacements at any of the nodes may also be recorded as "RF" traces and 
used to calculate velocities and frequency spectra [3]. 
Finite difference methods have now been used for many scattering 
problems encountered in the non-destructive evaluation and the results 
compared with experimental data [4]. The range, capabilities and 
limitations of these studies, and other numerical methods, have recently 
been reviewed [7]. 
Numerical Model Results 
A series of models were produced based on the general scheme shown 
as Fig 2. The initial conditions used are very important and in this work 
a limited extent, smoothed delta function, variable angle of incidence 
source has been developed which allows a broadband pulse of acoustic 
energy to enter the grid at any general angle in the fluid [3]. 
To test the formulations involved normal incident compression waves 
were used on interfaces and in the solid the finite difference models gave 
bulk wave velocities to within ±O.4% of published data and reflection 
coefficients for plane waves, at plane interfaces, which were to within 
±O.l%. of the expected values. 
The model of a compression wave incident on a layered half-space was 
considered and the dimensions were varied. For a copper layer on stainless 
steel (which has been studied previously [8]) when the copper layer has a 
depth less than the wavelength of the interrogating Rayleigh wave, a 
dispersive leaky Rayleigh wave is seen to propagate at the layer/fluid 
interface. This mode is excited by a finite-extent compression wave pulse 
incident at a critical angle that lies between the critical angle for the 
layer and that for the substrate. The utility of generating leaky surface 
waves that allow significant energy to propagate at the substrate/layer 
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Fig 2. Schematic for model of water/copper/steel layered finite 
difference model, with interface slot. 
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Fig 3. Numerical visualization for compression wave in water 
incident at the Rayleigh critical angle on a 0.24 rnrn 
copper layer on a stainless steel half-space. 
interface offers the possibility of defect detection and characterization 
while the defect is obscured by an intact metal layer. 
As a further validation of the model shown in Fig 2, the case of a 
pulse with a center frequency of 2.5 MHz and for a 0.24 rnrn thick copper 
layer on a stainless steel substrate, without a slot in the substrate, was 
used as both theoretical and experimental data for this combination are 
already published [8]. A numerical visualization for this system is shown 
as Fig 3. The group velocity of the surface wave was measured to be 2486 
ms-1 and the published data gives a group velocity of 2422 ms-1 [8]. The 
errors in both methods can be conservatively taken as ±l% so the two sets 
of data are in good agreement, and further validation for the formulation 
and the accuracy of the finite difference model is provided. 
Models were then run using the same data as used to give Fig 3, 
except that a slot was introduced as shown in Fig 2. The surface 
displacements at point 3 (Fig 2) were recorded for various slots. The "RF" 
traces for models with no slot and with a 35 node deep slot are given as 
Fig 4. The slot is seen to cause a back reflected signal which is -6.7 dB 
below the incident pulse and such a signal should be easily detectable. 
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Fig 4. Displacements recorded at point 3 (Fig 2) for (i) models without a 
slot (solid line) and (ii) with a 35 node deep slot (dash line). 
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Fig 6. Numerical visualizations for cleaned strip inspection model. 
a. Incident wave interacting with layer and substrate. 
b. Numerical visualization at a later time showing leaking back 
reflected wave. 
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The case of modelling the proposed cleaned strip inspection scheme 
was then considered and this geometry is shown as Fig 5. 
A series of numerical visualizations for an incident compression 
wave, set at the Rayleigh critical angle, in the system of water over 
steel with a partial covering of calcareous deposit shown as Fig 5, are 
given as Fig 6. Fig 6a shows that a surface wave is generated in the 
steel and this goes under the deposit. In Fig 6b the incident field has 
been subtracted and only scattered components are shown. The back-
reflected leaky Rayleigh waves are seen radiating into the water. 
Models were run using a range of data for the deposit layer 
properties. Displacement "RF" data recorded at point 2, shown in Fig 5, 
for three models is shown as Fig 7. The three configurations considered 
are (i) no layer, (ii) a layer using real calcareous deposits properties 
(density and velocity) and (iii) a layer of a 1:3 epoxy/shell-grit mixture 
which has been proposed for use in laboratory work (3). An attenuation 
term is included in the nodal formulation used for the layer and damped at 
approximately 2 dB/mm. Experimentally 2:1 epoxy/shell-grit 
samples gave attenuation values of 1.86 dB/mm. In the three models the 
wave speeds under the layer were measured as 2952 ms-1 , for a fluid loaded 
half-space, 3069 ms-1 for a space loaded with real deposit and 3077 ms-1 
for the case where 1:3 simulated deposit properties were used. 
For the system considered in Fig 6 with the addition of a layer, an 
increase in the wave speed is predicted by Viktorov (9), but comparison 
with his work is difficult as he only considers fluid loading. 
It is difficult to estimate the attenuation due to radiation from 
these schemes. However, the trend indicated in Fig 7 is towards increased 
loss through the leaky wave as the acoustic impedance of the loading 
increases. It should be noted that the energy seen in the 'no layer' wave 
case is not directly comparable with the other data as the absence of the 
layer allows a stronger incident wave to form. 
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Fig 7. Displacements recorded at point 2 (Fig 5.) for three cases. 
(i) Fluid loading - solid line, 
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(ii) Real deposit data - dashed line 
and (iii) 1:3 data - dotted line. 
Experiments 
Simple experiments were performed using the substitute calcareous 
deposit to validate the behavior of the Rayleigh wave under the layer seen 
in the finite difference models. Two steel blocks were prepared with slots 
2 mm and 5 mm deep, and 1 mm wide, cut into them. In one case a layer of 
2:1 epoxy/shell-grit mixture was applied in a layer 10 mm thick which 
overlapped the slots by 15 mm. The experimental configurations used are 
shown as Fig 8 and a series of measurements were made using a compression 
wave transducer with a center frequency of 0.5 MHz in pulse-echo mode and 
set at the Rayleigh critical angle for a water-steel combination. 
Typical data for the inspection positions shown in Fig 8 is given as 
Fig 9. The traces given as Figs 9a and 9b are for measurements on the 2 
mm (position 1) and 5 mm (position 3) slots respectively at the same 
settings and distances. The traces given as Figs 9c and 9d are for 
measurements made in positions 2 and 4. It is seen from Fig 9c, recorded 
in position 2 that the slot is clearly detected when 15 mm from the edge 
of the deposit layer. For measurements made through the layer (position 4) 
neither slot could be detected and the signal shown in Fig 9d is the 
energy scattered at the surface of the simulated deposit layer . 
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Fig 8. Experimental configuration for laboratory measurements. 
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Fig 9. Experimental RF traces recorded with transducers as shown in Fig 8. 
a. Transducer in position 1. b. Transducer in position 3. 
c. Transducer in position 2. d. Transducer in position 4. 
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What the results given in Fig 9 clearly show is the ease with which 
the leaky Rayleigh/interface wave travels under the layer. However, 
slight changes in velocity (0.1%) and amplitude, due to increased leaky 
radiation, are not apparent as they are concealed by experimental error. 
Experimentally, the observed reflection coefficients for slots beneath 
obscuring layers are identical to the reflection coefficients for slots 
considered in the numerical models. Experimentally slots have been 
detected up to ten Rayleigh wavelengths (of incident wave) under a 
calcareous deposit substitute layer. 
CONCLUSIONS 
It can be concluded that the proposed 'cleaned strip' inspection 
technique represents the most promising approach to this type of 
inspection. It would appear that in such inspections the depth and 
properties of the layer are relatively unimportant and the 
surface/interface wave will penetrate a significant distance under such 
layers, giving good potential for crack detection with reduced cleaning. 
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